Long QT syndrome, a rare genetic disorder associated with life-threatening arrhythmias, has provided a wealth of information about fundamental mechanisms underlying human cardiac electrophysiology that has come about because of truly collaborative interactions between clinical and basic scientists. Our understanding of the mechanisms that control the critical plateau and repolarization phases of the human ventricular action potential has been raised to new levels through these studies, which have clarified the manner in which both potassium and sodium channels regulate this critical period of electrical activity.
genetic and environmental modifying factors. Clinical criteria have been developed to determine the probability of having LQTS, and genotype screening of individuals suspected of having LQTS and of members of known LQTS families has progressively increased the number of subjects with genetically confirmed LQTS. The genes associated with LQTS have been numerically ordered by the chronology of their discovery (LQT1 through LQT7), with 95% of the known mutations located in the first 3 of the 7 identified LQTS genes ( Table 1 ). All of the LQT genes except LQT4 (ANKB) code for ion channels. LQT4 codes for a protein called ankyrin-B that anchors ion channels to specific domains in the plasma membrane. LQT7 is an ion channel gene, and mutations involving this gene result in a multisystem disease (Andersen-Tawil syndrome) that includes modest QT interval prolongation secondary to reduction in 1 of the potassium repolarization currents (Kir2.1). Prophylactic and preventive therapy for LQTS is directed toward reduction in the incidence of syncope and sudden death and has involved left cervicothoracic sympathetic ganglionectomy, β-blockers, pacemakers, implanted defibrillators, and gene/mutation-specific pharmacologic therapy (7) .
Gene-specific triggers of cardiac arrhythmias
The discovery that distinct LQTS variants were associated with genes coding for different ion channel subunits has had a major impact on the diagnosis and analysis of LQTS patients. It is clear that there are distinct risk factors associated with the different LQTS genotypes, and this must be taken into account during patient evaluation and diagnosis. The greatest difference in risk factors becomes apparent when LQT3 syndrome patients (SCN5A mutations) are compared with patients with LQT1 syndrome (KCNQ1 mutations) or LQT2 syndrome (KCNH2 mutations). The potential for understanding a mechanistic basis for arrhythmia risk was realized soon after the first genetic information relating mutations in genes coding for distinct ion channels to LQTS became available (8, 9) and is still the focus of extensive investigation. This genotype-phenotype association was confirmed in an extensive study in which the risk of cardiac events was studied in LQTS-genotyped patients. This investigation, which focused on patients with KCNQ1 (LQT1), KCNH2 (LQT2), and SCN5A (LQT3) mutations, reported clear differences in arrhythmic risk that was correlated with gene-specific mutations. In the case of SCN5A mutation carriers (LQT3), risk of cardiac events was greatest during rest (bradycardia), when sympathetic nerve activity is expected to be low. In contrast, cardiac events in LQT2 syndrome patients were associated with arousal and/or conditions in which patients were startled, whereas LQT1 syndrome patients were found to be at greatest risk of experiencing cardiac events during exercise or conditions associated with elevated sympathetic nerve activity (10) .
Subsequently, additional evidence has linked dysfunctional regulation of the QT interval during exercise to LQT1 mutations (11) (12) (13) . The contrast between LQT1 and LQT3 patients in the role of adrenergic input and/or heart rate in arrhythmia risk is clear and has raised the possibility of distinct therapeutic strategies in the management of patients with these LQTS variants. In fact, β-blocker therapy has been shown to be most effective in preventing recurrence of cardiac events and lowering the death rate in LQT1 and LQT2 syndrome patients but is much less effective in the treatment of LQT3 syndrome patients (14, 15) . β-Blockers have minimal effects on the heart rate-corrected QT (QTc) interval but are associated with a significant reduction in cardiac events in LQTS patients, probably because these drugs modulate the stimulation of β-adrenergic receptors (β-ARs) and hence the regulation of downstream signaling targets during periods of elevated sympathetic nerve activity. Clinical data for genotyped patients provide strong support for the hypothesis that the effectiveness of β-blocking drugs depends critically on the genetic basis of the disease; for example, recent data provide evidence that there is still a high rate of cardiac events in LQT2 and LQT3 patients treated with β-blocking drugs (15) . Consequently, even β-blockers do not provide absolute protection against fatal cardiac arrhythmias.
The sodium channel and mutation-specific pharmacologic therapy The SCN5A gene encodes the α subunit of the major cardiac sodium channel (16) , and various LQT3 mutations can result in different functional alterations in this channel with similar degrees of QT interval prolongation and cardiac arrhythmias (17, 18) . For example, the 9-bp deletion with loss of 3 amino acids (∆KPQ) in the linker between the third and fourth domains of the α unit of the sodium channel and 3 missense mutations in this gene (N1325S, R1623Q, and R1644H) all promote sustained and inappropriate sodium entry into the myocardial cell during the plateau phase of the action potential, resulting in prolonged ventricular repolarization and the LQTS phenotype. The functional consequences of the D1790G missense mutation are quite different in that this mutation does not promote sustained inward sodium current but, rather, causes a negative shift in steady-state inactivation with a similar LQTS phenotype (19) . It should be noted that other mutations in the SCN5A gene can result in Brugada syndrome and conduction system disorders without QT interval prolongation. At least 1 mutation (1795insD) has been shown to have a dual effect, with inappropriate sodium entry at slow heart rates (LQTS ECG pattern) and reduced sodium entry at fast heart rates (Brugada syndrome ECG pattern) (20) .
Mutation-specific pharmacologic therapy has been reported in 2 specific SCN5A mutations associated with LQTS. In 1995, Schwartz et al. reported that a single oral dose of the sodium channel blocker mexiletine administered to 7 LQT3 patients with the ∆KPQ deletion produced significant shortening of the QTc interval within 4 hours (21) . Similar shortening of the QTc interval in LQT3 patients with the ∆KPQ deletion has been reported with lidocaine and tocainide (22) . Preliminary clinical experience with flecainide revealed normalization of the QTc interval with low doses of this drug in patients with the ∆KPQ deletion (23) . In 2000, Benhorin et al. reported the effectiveness of open-label oral flecainide in shortening the QTc interval in 8 asymptomatic subjects with the D1790G mutation (24) .
The SCN5A-D1790G mutation changes the sodium channel interaction with flecainide. This mutation confers a high sensitivity to use-dependent blockade by flecainide, due in large part to the marked slowing of the repriming of the mutant channels in the presence of the drug (19) . Flecainide's tonic block is not affected by the D1790G mutation. These flecainide effects are different from those occurring with the ∆KPQ mutant channels (25) . (A) An illustrative example of a single cardiac cycle detected as spatial and temporal electrical gradients on the ECG. The P wave is generated by the spread of excitation through the atria. The QRS complex represents ventricular activation and is followed by the T wave, which reflects ventricular repolarization gradients. (B) Schematic representation of the KCNH2 (HERG) potassium channel α subunit, involving the N-terminal part (NH3 + ), 6 membrane-spanning segments with the pore region located from segment S5 to segment S6, and the C-terminal portion (COO -). Mutation locations are indicated by blue dots. Fourteen different mutations were located in 13 locations within the pore region. Reproduced with permission from Circulation (28).
These flecainide findings in patients with the ∆KPQ and D1790G mutations provide encouraging evidence in support of mutationspecific pharmacologic therapy for 2 specific forms of the LQT3 disorder. Larger clinical trials with flecainide in patients with these 2 mutations are needed before this therapy can be recommended as safe and effective for patients with these genetic disorders.
Clinical relevance of mutations in regions of KCNH2
The KCNH2 gene encodes the ion channel involved in the rapid component of the delayed rectifier repolarization current (I Kr ), and mutations in this gene are responsible for the LQT2 form of LQTS (26) . Mutations in KCNH2 are associated with diminution in the repolarizing I Kr current with resultant prolongation of ventricular repolarization and lengthening of the QT interval. During the 1990s, it was appreciated that several drugs, such as terfenadine and cisapride, caused QT interval prolongation by reducing I Kr current through the pore region of the KCNH2 channel (27) . These findings raised the question of whether mutations in the pore region of the KCNH2 channel would be associated with a more virulent form of LQT2 than mutations in non-pore regions.
In a report from the International LQTS Registry, 44 different KCNH2 mutations were identified in 201 subjects, with 14 mutations in 13 locations in the pore region (amino acid residues 550-650) ( Figure 1B ) (28) . Thirty-five subjects had mutations in the pore region and 166 in non-pore regions. When birth was used as the time origin with follow-up through age 40, subjects with pore mutations had more severe clinical manifestations of the genetic disorder and experienced a higher frequency of arrhythmia-related cardiac events at an earlier age than did subjects with non-pore mutations. The cumulative probability of a first cardiac event before β-blockers were initiated in subjects with pore mutations and non-pore mutations in the KCNH2 channel is shown in Figure 2 , with a hazard ratio in the range of 11 (P < 0.0001) at an adjusted QTc interval of 0.50 seconds. This study involved a limited number of different KCNH2 mutations and only a small number of subjects with each mutation. Missense mutations made up 94% of the pore mutations, and thus it was not possible to evaluate risk by the mutation type within the pore region.
These findings indicate that mutations in different regions of the KCNH2 potassium channel can be associated with different levels of risk for cardiac arrhythmias in LQT2. An important question is whether similar region-related risk phenomena exist in the other LQTS channels. Two studies evaluated the clinical risk of mutations located in different regions of the KCNQ1 (LQT1) gene and reported contradictory findings. One study found no significant differences in clinical presentation, ECG parameters, and cardiac events among 294 LQT1 patients with KCNQ1 mutations located in the pre-pore region including the N-terminus (1 to 278), the pore region (279 to 354), and the post-pore region including the C-terminus (>354) (29) . In contrast, another study of 66 LQT1 patients found that mutations in the transmembrane portion of KCNQ1 were associated with a higher risk of LQTSrelated cardiac events and had greater sensitivity to sympathetic stimulation than mutations located in the C-terminal region (30) . These different findings in the 2 LQT1 studies may reflect, in part, population-related genetic heterogeneity, since 1 population was almost entirely white and the subjects in the other study were Japanese. Much larger homogeneous populations need to be studied to resolve this issue.
Insights gained from interactions of clinical and basic scientists
Though a rare congenital disorder, LQTS has provided a wealth of information about fundamental mechanisms underlying human cardiac electrophysiology that has come about because of truly collaborative interactions between clinical and basic scientists. Our understanding of the mechanisms that control the critical plateau and repolarization phases of the human ventricular action potential ( Figure 3 ) has been raised to new levels through these studies with clarification about the manner in which both potassium and sodium channels regulate this critical period of electrical activity.
Potassium channel currents and the action potential plateau: the delayed rectifiers It had been known since 1969 that potassium currents with unique kinetic and voltage-dependent properties were important to the cardiac action potential plateau (31, 32) . Because of the unique voltage dependence, these currents were referred to as delayed rectifiers. In a pivotal study, Sanguinetti and Jurkiewicz used a pharmacologic analysis to demonstrate 2 distinct components of the delayed rectifier potassium current in the heart: I Kr and I Ks (33) . The I Ks component had previously been shown to be under control 
Figure 2
Kaplan-Meier cumulative probability of first cardiac events from birth through age 40 years for subjects with mutations in pore (n = 34), N-terminal (n = 54), and C-terminal (n = 91) regions of the KCNH2 (HERG) channel. The curves are significantly different (P < 0.0001, log-rank), mainly because of the high first-event rate in subjects with pore mutations. Reproduced with permission from Circulation (28).
of the sympathetic nervous system, providing an increase in repolarization currents in the face of β-AR agonists in cellular models (34) , but the molecular identity and the relevance to human electrophysiology were not only unclear, but controversial. The clear clinical importance and the genetic basis of these potassium currents were revealed through LQTS investigations. The first report linking potassium channel dysfunction to LQTS revealed the molecular identity of 1 of the delayed rectifier channels and confirmed the pharmacologic evidence for independent channels underlying these currents (35) . This ground-breaking study, a collaborative effort between clinical and basic scientists, revealed that KCNH2 encodes the α (pore-forming) subunit of the I Kr channel and that the rectifying properties of this channel, identified previously by pharmacologic dissection, are indigenous to the channel protein. This work not only provided the first clear evidence for a role of this channel in the congenital LQTS but also laid the base line for future studies that would show that it is the KCNH2 channel that underlies almost all cases of acquired LQTS (36) .
The next breakthrough came in 1996 when a collaborative clinical/basic effort discovered that LQTS variant 1 (LQT1) was caused by mutations in a gene (KCNQ1) coding for an unusual potassium channel subunit that could be studied in heterologous expression systems (37) . Basic studies almost immediately revealed the functional role of the KCNQ1 gene product: the α (pore-forming) subunit of the I Ks channel (38, 39) . Furthermore, these studies indicated that a previously reported but as-yet poorly understood gene (KCNE1) formed a key regulatory subunit of this important channel. Mutations in KCNE1 have subsequently been linked to LQT5 (40) . Now the molecular identity of the 2 cardiac delayed rectifiers had been established.
As is summarized above, clinical studies had provided convincing evidence linking sympathetic nerve activity and arrhythmia susceptibility in LQTS patients, particularly in patients harboring LQT1 mutations. These data and previous basic reports of the robust sensitivity of the slow delayed rectifier component, I Ks , to β-AR agonists (34) motivated investigation of the molecular links between KCNE1 channels and β-AR stimulation, which revealed, for the first time, that the KCNQ1/KCNE1 channel is part of a macromolecular signaling complex in the human heart (41). The channel complexes with an adaptor protein called Yotiao that in turn directly binds key enzymes in the β-AR signaling cascade (protein kinase A and protein phosphatase 1) and recruits them to form a local signaling environment to control the phosphorylation state of the channel. Mutations in either KCNQ1 (41) or KCNE1 (42) can disrupt this regulation and create heterogeneity in the cellular response to β-AR stimulation, a novel mechanism that may contribute to the triggering of some arrhythmias in LQT1 and LQT5 (43) . This fundamental work is a direct consequence of collaborative efforts between basic and clinical investigators.
Trafficking and its pharmacologic rescue as a mechanism in LQT2 LQT2 mutations reduce repolarizing current through HERG channels, contributing to delayed repolarization of the ventricular action potential and the resulting QT interval. Though all LQT2 mutations lead to the same clinical phenotype, prolonged QT intervals, multiple mechanisms at the level of the channel protein, including altered gating kinetics and dominant-negative effects via subunit assembly, may underlie this condition.
January and colleagues first reported that mutation-altered protein trafficking could also cause LQT2 (44) . Trafficking defects reduce the number of functional channels expressed in the sarcolemmal membrane, contributing to a reduction in repolarizing current, but cause no alteration in the basic biophysical properties of those channels that are functional. Importantly, and uniquely, January and colleagues also made the important discovery that mutation-induced trafficking defects could be restored by temperature and incubation with pharmacologic agents that block HERG channels (45) . These observations have subsequently been confirmed by multiple groups and for several distinct LQT2 mutations (46) (47) (48) , and, most recently, experimental work has suggested that these LQT2 mutations may cause subtle protein misfolding and retention in the endoplasmic reticulum and that drug binding might act as a chaperone to restore maturation efficiency and hence a higher level of sarcolemmal channel protein (49) .
Insights into cardiac sodium channels
The report that mutations in SCN5A, the gene coding for the α subunit of the major cardiac sodium channel, were associated with LQTS (17) was surprising, because this channel is associated most frequently with impulse conduction and hence the QRS but not the QT waveforms of the ECG. Sodium channels are voltage-gated channels that rapidly enter a nonconducting inactivated state during sustained depolarization such as the cardiac action potential plateau. Importantly, the first SCN5A mutation, the ∆KPQ mutation, physically disrupted a cytoplasmic peptide linker in the channel protein that, in basic biochemical and biophysical studies, had been shown to be a critical determinant of sodium channel inactivation: the inactivation gate (50, 51) . This peptide links 2 domains (III and IV) of the channel and physically moves to occlude the channel pore upon depolarization. Once again, the combination of basic and clinical investigation has led to a clear understanding of the molecular basis of this key physiological parameter in the human heart. Further, the demonstration that small changes in sodium channel inactivation such at those changes that occur in LQT3 mutations can have life-threatening consequences confirms predictions made more than 50 years ago when it was shown that the cardiac action potential plateau was an exquisitely sensitive period of electrical activity that could adapt, with little energy expenditure, to small changes in ionic currents (52) .
Subsequent investigations of LQT3 mutations have revealed that not only is the domain III/IV intracellular linker key to inac-
Figure 3
Three major cardiac ion channel currents (INa, IKr, and IKs) and respective genes responsible for generation of portions of the ventricular action potential (AP).
tivation and maintenance of the action potential plateau (and hence QT interval), but also the channel carboxyterminal (C-T) domain is essential in this process. In fact, evidence generated by basic studies of LQT3 mutations has now shown that the C-T domain forms a molecular complex with the inactivation gate that is necessary to stabilize the nonconducting state of the channel during prolonged depolarization (53) , and, further, that this interaction may be modulated by cell calcium and calmodulin (54) . Thus there is the intriguing possibility that dysfunction in sodium channel inactivation that can lead to QT interval prolongation may occur in other forms of human cardiovascular pathology when regulation of cellular calcium concentration may be disrupted. Thus, once again, collaboration between clinical and basic scientists investigating a rare inherited disorder has resulted in fundamentally novel insight into cardiovascular physiology, which may have wide-ranging impact on our understanding of human cardiovascular disease.
LQTS variants and multisystem disorders
Andersen-Tawil syndrome (ATS) is a skeletal muscle and cardiac muscle disease. Clinical phenotypes of patients with ATS include periodic paralysis, developmental dysmorphisms, and prolonged QT intervals. Mutations in KCNJ2 were found to underlie this multisystem disorder (55) (56) (57) . KCNJ2 encodes the inward rectifier K + channel α subunit Kir2.1, which is expressed in skeletal and cardiac muscle. Interestingly, like mutations in HERG described above, at least a subset of ATS KCNJ2 mutations have been shown to cause trafficking defects, and hence loss of functional channel activity, of inwardly rectifying potassium channels (58) . These genetic and clinical data have confirmed the key role of this inwardly rectifying potassium channel not only in skeletal muscle physiology, but also in control of the duration of the ventricular action potential, a role not often associated with this ionic pathway.
Most recently, a second multiorgan syndrome, Timothy syndrome (TS), has been reported. Like ATS, clinical phenotypes of patients with TS include a wide variety of organ dysfunction, including lethal arrhythmias, webbing of fingers and toes, autism, immune deficiency, intermittent hypoglycemia, cognitive abnormalities, and markedly prolonged QT intervals on the ECG (59).
Importantly, this multisystem dysfunction was found to be caused by mutations in a splice variant of the gene (CACNA1I) coding for the α subunit (Cav1.2) of the L-type calcium channel. The Cav1.2 channel is a principal pathway for calcium entry in cells in which it is expressed, and, in the heart, its activation and inactivation are critical regulators of action potential waveforms and activation of contraction. Hence it is not surprising that mutations of Cav1.2 cause marked clinical dysfunction. Like LQT3 mutations, the TS mutations disrupt inactivation of Cav1.2 channels, but unlike voltage-gated sodium channels, inactivation of Cav1.2 channels is regulated by both voltage and calcium entry (60) , and the TS mutations almost completely abolish the voltage-dependent inactivation component. Thus, as has been the case with all other LQTS-related mutations, the combination of clinical and basic investigations of TS patients and mutations will provide the clearest insight to date into the functional roles of these biophysical channel properties in the human heart.
LQT4 is caused by mutations in an adaptor protein
In 1995, Schott et al. reported a study of a 65-member family in which LQTS was also associated with marked sinus bradycardia (61) . Genetic linkage was observed for a region of chromosome 4 located in the interval 4q25-q27, a region that did not contain candidate ion channel genes, and the identification of the genetic basis of variant LQT4 remained elusive. A clue to the basis of this variant emerged from a study by Chauhan et al. in which sodium channel activity in mice lacking ankyrin-B - not an ion channel protein, but an adaptor protein that associated with cytoskeletal interactions - was altered (62) . The major form of ankyrin-B in cardiac cells is 220 kDa. Ankyrins typically contain 3 functional domains that consist of the membrane-binding domain, the spectrin-binding domain, and the regulatory domain. Ankyrins bind to multiple proteins that can contribute (directly or indirectly) to cardiac electrical activity. These include the anion exchanger (Cl -/ HCO 3 -exchanger), the Na + ,K + -ATPase, voltage-sensitive sodium channels, the Na + /Ca 2+ exchanger (NCX, or I Na-Ca ), and calciumrelease channels including those mediated by ryanodine or inositol trisphosphate (IP 3 ) receptors (63 (64) . Physiological insight into the mechanistic basis for LQT4 arrhythmias came from genetically altered mice heterozygous for a null mutation in ankyrin-B.
Because of the multiple proteins that associate with ankyrin-B, the results indicated that these arrhythmias may develop because of a combined disruption in the cellular organization of the sodium pump, the sodium/calcium exchanger, and inositol-1,4,5-trisphosphate receptors. Interestingly, the ankyrin-B mutation also leads to altered Ca 2+ signaling in adult cardiomyocytes, which plays a major role in the triggering of arrhythmias in this mouse model (64) . Recently, further ankyrin-B mutations have been reported to be causally linked to LQTS (65) . The mechanistic basis of LQT4-associated arrhythmias is complex, but, as is the case for TS, it will provide important insight into the pivotal role played by the regulation of intracellular calcium in the genesis and prevention of cardiac arrhythmias in humans.
Conclusions
We have made considerable progress in understanding the importance of ion channel structure to human physiology since the first ion channel was cloned in 1982. We now have a better understanding of the molecular genetics, ion channel structures, and cellular electrophysiology that contribute to the genesis of cardiac arrhythmias. Much of this improved insight has come directly from investigations of LQTS and other inherited arrhythmias and is being translated into more effective and more rational therapy for patients with electrical disorders of the cardiac rhythm. Much remains to be accomplished, and this will be done through continued collaboration of basic and clinical scientists based on the foundations laid by studies of LQTS.
